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Cryptochrome (CRY) is the primary circadian photoreceptor in
Drosophila. It resets the circadian clock by promoting light-
induced degradation of the clock proteins Timeless and Period,
aswell as its own proteolysis. The E3 ligases that ubiquitylate Time-
less and Period before degradation are known and it is known that
Drosophila (d) CRY is degraded by the ubiquitin-proteasome sys-
tem as well. To identify the E3 ligase for dCRY we screened candi-
dates in S2 cells by RNAi. Knockdown of each of the 25 putative
F-box proteins identified by bioinformatics did not attenuate the
light-induced degradation of dCRY. However, knockdown of a
WD40 protein, Bromodomain and WD repeat domain containing
3 (Brwd3) (CG31132/Ramshackle) caused strong attenuation of
dCRY degradation following light exposure. We found that BRWD3
functions as a Damage-specific DNA binding protein 1 (DDB1)- and
CULLIN (CUL)4-associated factor in a Cullin4-RING Finger E3 Ligase
(CRL4) that mediates light-dependent binding of dCRY to CUL4-
ROC1-DDB1-BRWD3, inducing ubiquitylation of dCRY and its light-
induced degradation. Thus, this study identifies a light-activated
E3 ligase complex essential for light-mediated CRY degradation in
Drosophila cells.
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Cryptochrome (CRY) is a photosensory flavoprotein (1, 2) thatfunctions as the primary circadian photoreceptor in Drosophila
(3). The Drosophila circadian clock is generated by a transcription–
translation feedback loop in which the dCLOCK-dCYCLE het-
erodimer constitutes the positive arm (transactivator) and the
Drosophila Period (dPER)–Drosophila Timeless (dTIM) complex
constitutes the negative arm (repressor) of the autoregulatory
circuit. The phase of the circuit can be reset by light and it has
been shown that Drosophila Cryptochrome (dCRY)-mediated
degradation of dTIM is a key step in light-resetting of the phase of
the clock (4). In addition to dTIM degradation, light also induces
dCRY itself to degrade, thus enabling newly synthesized dTIM and
dPER to accumulate and reestablish the repressive phase of the
circadian clock circuitry (5). The ubiquitin–proteasome system
(UPS) mediates the light-dependent degradation of dTIM (6, 7)
and light-independent degradation of dPER (8, 9). These deg-
radations occur through SCF (Skp1/Cullin/F-box protein)
ubiquitin E3 ligase complexes [Cullin1-RING Finger E3 Ligase
(CRL1)], which are responsible for targeting substrates to the
UPS (10, 11). There are at least 25 F-box proteins encoded by
the Drosophila genome and two of these, SLIMB (12, 13) and
JETLAG (JET) (14, 15) are involved in the degradation of
circadian clock proteins, dPER and dTIM, respectively.
Initial studies with the proteasome inhibitor MG-132 indicated
that dCRY as well is degraded by the UPS (7, 16). However,
subsequent studies to identify the E3 ligase responsible for ubiq-
uitylation of dCRY have yielded conflicting results. Using a genome-
wide RNAi screen in Drosophila S2 cells followed by validation in
mutant flies, two E3 ligases were reported to play essential roles
in light-dependent dCRY degradation: BRUCE, which is a
composite E2-E3 ligase, and CG17735, which is presumed to be
a HECT domain-containing E3 ligase (17). However, a sub-
sequent study concluded that in syngenic flies, BRUCE and
CG17735 do not contribute to light-dependent degradation of
dCRY and that the effects reported in the previous study were
attributable to the eye-color differences between mutants and
controls (15). Furthermore, it was demonstrated that dCRY
interacts with the F-box protein JET and that this interaction was
followed by proteolysis of dCRY in flies and in S2 cells (15).
Therefore, it was suggested that JET functions as a substrate
receptor for a CRL1 E3 ligase complex that ubiquitylates dCRY
(14, 15). In support of this model, an in vitro study with purified
JET and dCRY proteins revealed that blue light induces a con-
formational change in the C-terminal extension of dCRY (15, 18,
19), and this conformational change facilitated the binding of JET
to dCRY (18). However, whereas these studies clearly showed that
light-induced conformational change in dCRY enabled it to bind to
both dTIM and JET, they did not prove that JET was responsible
for ubiquitylation and eventual degradation of dCRY.
Here, we have used RNAi screening and yeast two-hybrid assays
to identify the E3 ligase responsible for light-induced dCRY
ubiquitylation and proteolysis. We found that the knockdown of
each of 25 F-box proteins that could potentially mediate dCRY
ubiquitylation by CRL1 E3 ligases did not attenuate light-induced
degradation of dCRY. A yeast two-hybrid assay with mammalian
cryptochrome 1 had identified a homolog of BRWD3, which we
considered as a potential candidate for mediating dCRY ubiq-
uitylation. BRWD3 has WD40 motifs, and it is known that many
WD-motif bearing proteins function as substrate receptors [or
Damage-specific DNA binding protein 1 (DDB1) and Cullin
(CUL)4-associated factors] in CRL4 E3 ligases (20). Knockdown
of BRWD3 (21) markedly attenuated the light-induced degrada-
tion of dCRY. Furthermore, in vitro experiments with purified
proteins showed that dCRYbinds to BRWD3 in a light-dependent
manner and is ubiquitylated by the BRWD3/DDB1/CUL4/ROC1
E3 ligase. Thus, we conclude that dCRY is ubiquitylated by a
CRL4 E3 ligase in which BRWD3 functions as a light-dependent
dCRY receptor.
Results
Identification of the E3 Ligase for dCRY. In view of the uncertainty
regarding the identity of the E3 ligase responsible for light-
dependent ubiquitylation of dCRY (15, 17), we set out to identify
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and screen all known F-box proteins encoded by the Drosophila
melanogaster genome. A total of 25 F-box proteins were identified
through literature and database searches, with 23 confirmed by S2
cell microarray data analysis based on the dataset of Cho et al.
(22) (Table S1). A derivative of S2 cell line (16) constitutively
expressing Luciferase (LUC)-dCRY (pAc-LUC-dCRY/S2) was
treated with dsRNA for each of these genes and then subjected to
a one-hour light pulse. Luciferase assays from 25 candidates (in-
cluding SLIMB and JET) revealed no attenuation in fusion
protein degradation caused by knockdown of any of the known F-
box proteins (Fig. S1).
In our long-standing work on human CRYs, we had previously
detected a hCRY1-WDR9 interaction in a yeast two-hybrid assay
(23). Although this result was not further analyzed, it raised the
possibility that a WDR9 homolog in Drosophila may also interact
with the cognate CRY. We note that BRWD3 (24) is the Dro-
sophila homolog of the human WDR9 gene (25) (also known as
BRWD1), and the mutation of BRWD3 in Drosophila is known
Fig. 1. Down-regulation of BRWD3 by RNAi pre-
vents light-induced degradation of dCRY in S2 cells.
(A) Knockdown of BRWD3 suppressed LUC-dCRY
degradation, with 84 ± 0.4% of original luciferase
activity remaining after 10 min (compared with 51.6 ±
3% in untreated cells) and 64.5 ± 5% (compared
with 22.4 ± 2.3% in untreated cells) after 60 min of
constant light. (B) MG-132 inhibits light-induced
degradation of dCRY. Incubation of cell with MG-
132 during light exposure results in 57.3 ± 2% lu-
ciferase activity remaining after 60 min (compared
with 22.4 ± 2.3% in control cells). (C) Effects of
BRWD3 RNAi and MG-132 are not additive. In-
cubation with both showed 58.4 ± 4% of original
luciferase activity remaining after 60 min of light.
Error bars represent SEM of three independent
experiments. D, dark control; L, light-exposed (16).
Fig. 2. Knockdown of BRWD3 but not of JET
inhibits light-dependent degradation of dCRY in S2
cells. A S2 cell line expressing dCRY-V5H under the
Ac5 promoter was used. The S2-dCRY-V5H cells
were treated with 1 μg of dsRNAs every other day
four times and exposed to light for the indicated
times. Then, aliquots were analyzed for Jet and
Brwd3 expression by RT-PCR and for dCRY by im-
munoblotting. (A) Knockdown of Jet and Brwd3.
Aliquots from dsRNA-treated cells were used to
analyze the knockdown of Brwd3 and Jet mRNA by
quantitative real-time PCR and normalized to
Gapdh expression. Error bars represent SEM of
three independent experiments. (B) Light-induced
proteolysis of dCRY-V5H following Jet and Brwd3
(CDS and UTR) down-regulation analyzed by im-
munoblotting. Actin was used as a loading control.
(C) Quantitative analysis of three dCRY proteolysis
experiments including the one shown in B. Error
bars represent the SEM of three independent
experiments.








as ramshackle (21). Several members of this family of proteins
are known to function as substrate receptors for CRL4 E3 ligases
(20, 26). We first established that BRWD3 interacted with
dCRY in yeast two hybrid in a light-dependent manner. Similar
to the light-dependent interaction between dCRY and dTIM,
dCRY, and BRWD3 formed a hybrid only when yeast were
grown in light (Fig. S2). dsRNA knockdown of BRWD3 in S2
cells markedly reduced light-induced LUC-dCRY degradation in
S2 cells, with 84% of original luciferase activity remaining after
10 min (compared with 52% in untreated cells) and 65% (versus
22% in untreated cells) after 60 min of constant light (Fig. 1A).
This degradation inhibition matched that observed following
treatment with the proteasome inhibitor MG-132, which yielded
57% luciferase remaining after 60 min (Fig. 1B). Incubation with
both MG-132 and BRWD3 RNAi showed 58% of original activity
after 60 min of light exposure (Fig. 1C), indicating that the
effects are not additive. Thus, MG-132 and BRWD3 RNAi act
through the same mechanism by inhibiting dCRY proteolysis
through the UPS system.
Comparison of the Effects of BRWD3 and JET Knockdown on Light-
Induced dCRY Degradation. JET has been proposed to be the E3
ligase responsible for ubiquitylation and eventual degradation
of dTIM (14). JET binds to both dCRY and dTIM in a light-
dependent manner, and light exposure of S2R+ cells expressing
JET, dCRY, and dTIM leads to rapid degradation of dTIM
followed by degradation of dCRY at a slower rate (14). Given
our observed effect of knockdown of BRWD3 on dCRY degra-
dation, we wished to directly compare the effects of JET and
BRWD3 knockdown on light-induced degradation of dCRY. The
homozygote ramshacklemutation is embryonic lethal in Drosophila
(21); hence, it is not possible to study the effect of BRWD3 mu-
tation at the organism level. Therefore, the comparative analysis of
JET and BRWD3 down-regulation on dCRY degradation was
carried out in S2 cells.
S2 cells were transfected with dsRNA for JET coding sequence
(CDS) or BRWD3 CDS or 3′ untranslated region (UTR) and then
exposed to blue light for 10–60 min and the amount of dCRY was
determined byWestern blotting. The results are shown in Fig. 2A–
C. As seen in Fig. 2A, JET RNAi reduces the level of Jetlag
transcript to about 10% of the control without affecting the level
of Brwd3 transcript. Conversely, knockdown of CDS and UTR of
BRWD3 reduce the level of Brwd3 transcript to 10% and 2%,
respectively, of the control without affecting the level of Jetlag
transcript. When these cells were analyzed for light-dependent
dCRY degradation, it was found that whereas JET down-regula-
tion did not inhibit dCRY degradation, down-regulation of
BRWD3 resulted in the inhibition of light-induced dCRY degra-
dation at a level proportional to the degree of down-regulation; in
cells with severe BRWD3 down-regulation (attributable to UTR
RNAi), light-induced dCRY degradation was completely elimi-
nated over the course of 60 min of irradiation (Fig. 2 B and C).
Moreover, the degradation of dCRY was similar in JET down-
regulated and mock-treated dCRY-V5H/S2 cells (Fig. S3). Be-
cause of a previous report implicating JET in dCRY degradation
(15), we wished to confirm these findings by analyzing the effects of
overexpressed JET on dCRY degradation. As seen in Fig. 3, S2
cells overexpressing JET do not degrade dCRY at a faster rate than
the control, supporting the conclusion that (despite binding dCRY
in a light-dependent manner), JET is neither necessary nor suffi-
cient for light-dependent dCRY ubiquitylation and degradation.
Effect of Light on dCRY-BRWD3 Interaction in Vitro. The finding that
light-induced dCRY degradation is dependent on BRWD3
suggested that light-induced conformational change in dCRY
(18) may enable it to bind to BRWD3, which might function as
substrate receptor of a putative E3 ligase responsible for light-
dependent ubiquitylation of dCRY. Hence, we investigated the
effect of light on interaction of dCRY with BRWD3 using pu-
rified proteins. We also used JET in these experiments because it
has been shown that light stimulates dCRY-JET binding (15, 18).
The results are shown in Fig. 4. With immobilized dCRY, which
was bound either to nickel-nitrilotriacetic acid (Ni-NTA) beads
(Fig. 4A) or V5-agarose beads (Fig. 4B), we found that light
promotes BRWD3-dCRY interaction. When tested in parallel
with JET, it appears that light-activated dCRY binds to JET
more strongly than it does to BRWD3 (Fig. 4C). Next, we wished
to determine whether light-activated dCRY could bind to both
JET and BRWD3 simultaneously to form a ternary complex. To
this end, JET and dCRY were added to immobilized BRWD3,
and then the binding of JET and dCRY to BRWD3 in the ab-
sence or presence of light was assessed by immunoblotting. As
apparent from Fig. 4D, whereas dCRY binds to BRWD3 upon
light exposure in the absence or presence of JET, only in the
presence of dCRY and light can JET bind to the BRWD3 resin.
Thus, we conclude that dCRY in the active (“lit”) conformation
can bind two different substrate receptors that target the cognate
substrates to their respective E3 ligases.
BRWD3 as a Substrate (dCRY) Receptor for CRL4 E3 Ligase. Light-
dependent binding of dCRY to BRWD3, along with the in-
hibition of light-dependent degradation of dCRY after BRWD3
knockdown, suggested that BRWD3 might function as a sub-
strate receptor for a CRL4 E3 ligase in a manner similar to JET
functioning as a substrate receptor for CRL1 E3 ligase (14). In
CRL4 E3 ligases, DDB1 functions as a linker between the Cullin 4
scaffold and a WD40–protein substrate receptor (20, 26). In-
deed, when BRWD3 was expressed in human HEK293T cells
and immunopurified, DDB1, CUL4A, CUL4B, and ROC1
Fig. 3. Overexpression of JET does not enhance the light-dependent
degradation of dCRY. (A) S2-dCRY-V5H cells transfected with pAc5.1/V5His
A (mock) or pAc5.1V5-JET, were exposed to blue light for the indicated
times, and then were analyzed for dCRY and JET by immunoblotting. Actin
was used as a loading control. (B) Quantitative analysis of two in-
dependent experiments. Error bars represent the SD of two independent
experiments.
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copurified with it, indicating that BRWD3 is a substrate receptor
for a CRL4 E3 ligase (Fig. 5A).
To test whether dCRY is ubiquitylated by the putative CUL4-
ROC1-DDB1-BRWD3 E3 ligase, we purified the CUL4-ROC1-
DDB1 complex by immunoaffinity (Fig. 5B) and recombinant
BRWD3 from insect cells by immunoaffinity and conventional
chromatography (Fig. 5C). Fig. 5C shows that when CRL4 was
combined with purified BRWD3, along with E1 and E2 enzymes, it
catalyzed the ubiquitylation of dCRY in a light-dependent manner.
As a further test for the specificity of dCRY ubiquitylation by
CRL4/BRWD3, we compared the activity of CRL4/BRWD3 and
CRL1/JET on dCRY. We found that CRL1/JET has negligible
activity on dCRY compared with CRL4/BRWD3 (Fig. S4). In
agreement with a previous report (15), we find that Timeless over-
expression in S2R+ cells attenuates dCRY degradation. Over-
expression or down-regulation of JET does not affect light-induced
dCRY degradation (Fig. S5). Thus, we conclude that dCRY is
ubiquitylated by a CRL4 E3 ligase with BRWD3 as a substrate re-
ceptor and in a light-dependent manner, before its proteolysis by
the proteosome.
Fig. 4. Light promotes the interaction of dCRY
with BRWD3. (A) Flag-BRWD3 (F-BRWD3) was
added to the dCRY-V5H bound to Ni-NTA agarose
beads. The reaction mixtures were then incubated
at 24 °C either in the dark (D) or under light (L) of
1 mW·cm−2 fluence rate for 12.5 min. The beads
were collected and washed three times in dark with
500 μL of binding buffer. Then, bound proteins
were separated on 4–12% SDS/PAGE and visualized
by immunoblotting using anti-FLAG antibodies for
BRWD3 and anti-V5 antibodies for dCRY. (B) The
experiment was performed as in A, except that
recombinant dCRY-V5H was bound to V5 agarose
beads instead of Ni-NTA agarose. Ig, Ig heavy and
light chains. (C) Comparative affinities of JET and
BRWD3 to dCRY. To dCRY-V5H on Ni-NTA agarose
beads comparable amounts of Flag-JET (F-JET) and
Flag-BRWD3 were added. Following incubation ei-
ther in dark (D) or under light (L) for 12.5 min, the
beads were extensively washed and were then
probed for the indicated proteins by immunoblot-
ting. Note that binding of both JET and BRWD3 is
strongly stimulated by light and that the binding of
BRWD3 to dCRY was detectable only after long
exposure of the membrane to the imaging system.
(D) Formation of BRWD3-dCRY-JET ternary com-
plex. dCRY-V5H and GST-JET were added to the Flag-BRWD3 on Flag-agarose beads. The beads were kept in dark (D) or exposed to light (1 mW·cm−2 for 12.5
min), and then bound proteins were analyzed by immunoblotting using appropriate antibodies. Note that dCRY binds to BRWD3 only in light but in a JET-
independent manner but that JET associates with BRWD3 in both light- and dCRY-dependent manner, indicating that dCRY bridges BRWD3 and JET.
Fig. 5. In vitro ubiquitylation of dCRY by BRWD3-
DDB1-CUL4-ROC1 complex. (A) Binding of BRWD3 to
the CUL4A/B-ROC1-DDB1 complex. HEK293T cells
were transfected with pcDNA3 or pcDNA3.BRWD3-
V5H, and the expressed protein was isolated by V5-
agarose beads and probed for CRL4 member pro-
teins by immunoblotting. The immunoprecipitate
was also probed for Proliferating Cell Nuclear Anti-
gen (PCNA) and Binding immunoglobulin Protein
(BiP) as negative controls. A represents one of two
independent pull-down assays. (B) Isolation of CRL4
complex. HEK293T cells were transfected with
pcDNA3.Myc3-CUL4A or -CUL4B expression vectors,
and the immunoaffinity purified complexes were
probed for DDB1 and ROC1 by immunoblotting. (C)
Ubiquitylation of dCRY by the CRL4-BRWD3 com-
plex. All reactions contained dCRY, E1, E2, ATP, HA-
ubiquitin, and CRL4 and BRWD3 where indicated.
The reaction mixtures were either kept in dark (D) or
exposed to light (L) for 30 min as indicated. Reaction
products were separated on SDS/PAGE and analyzed
by immunoblotting. The upper blot shows HA-ubiq-
uitin (HA-Ub) immunoblot, and the lower blot shows
immunoblot for BRWD3 and dCRY. C represents one
of three independent in vitro ubiquitylation assays.









Proteolytic degradation of circadian clock proteins is a key event
in generation of rhythmicity at the molecular and ultimately at
the behavioral level. Surprisingly, even though the Drosophila
circadian clock is arguably the best understood animal circadian
clock (2, 5, 27), and dCRY is a key photosensory molecule for
daily resetting of the clock by promoting the proteolytic degra-
dation of TIM and of itself by the UPS system, the mechanism of
dCRY ubiquitylation remained poorly understood. Here, we
have provided strong evidence that light induces ubiquitylation
of dCRY by a CRL4 E3 ligase in which the WD40 protein
BRWD3 functions as substrate receptor for dCRY.
In light of the findings in this study, combined with previous
reports on light-independent and light-dependent core clock
protein degradation by the UPS system, we present the following
working model for the Drosophila circadian clock under dark:
dark (DD) and light:dark (LD) regimens (Fig. 6): in the dark
phase, dCRY does not interact with TIM, JET, or BRWD3.
Instead, PER and TIM, following phosphorylation by the ap-
propriate kinases, are ubiquitylated by a CRL1 E3 ligase with the
F-box protein SLIMB as the substrate receptor (12, 13), resulting
in PER (and TIM) degradation and circadian cycling under free-
running (DD) conditions. Under LD, conditions, in the light
phase dCRY binds to TIM and the JET F-box protein, enabling
CRL1/JET to ubiquitylate TIM and leading to its degradation by
the UPS system (14, 15). Similarly, light-induced conformational
change promotes dCRY-BRWD3 binding with the consequent
degradation by the cognate CRL4 ligase and subsequent degra-
dation to reset the clock. Light-dependent CRY activation of
different ligases for TIM and its own degradation may explain
the different degradation kinetics noted for the two proteins
after light exposure in S2 cells (5).
Because BRWD3 mutations would be expected to affect the
entrainment of circadian core oscillator or its entrainment to
light, it is of interest to know why BRWD3 was not identified in
the numerous screens for fly clock mutations. Because BRWD3 is
an essential gene required for early embryonic development, null
mutations of this gene are lethal (21). Indeed, even somatic
clones carrying this allele are lethal in the developing eye (21).
Partial loss-of-function alleles have not been detected to date.
RNAi knockdown of BRWD3 in vivo results in a pupal lethal
phenotype as well (28). Our preliminary attempts at creating
circadian clock cell-specific BRWD3 knockdowns have similarly
yielded death of knocked-down cells. Future availability of par-
tial loss-of-function alleles of BRWD3, or creation of CRY
alleles that can no longer interact with this protein, may allow
more detailed analysis and delineation of the full role of this
protein in Drosophila circadian clock function in vivo.
Methods
The procedures for baculovirus preparation and protein purification were
described previously (29, 30). RNAi experiments in Drosophila S2 cells were
performed following established protocols (31, 32). Primers (sequences
available upon request) for each of the F-box genes were designed to am-
plify a ∼700-bp product, adding 5′ T7 RNA polymerase binding sites to each
primer (33). CRL4 complex was purified as described previously (34). A de-
tailed protocol for the reagents, yeast two-hybrid assay, RNAi assays, protein
pull-down, immunoblot, in vitro ubiquitylation, and quantitative real-time
PCR are given in SI Methods.
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